Impact fatigue behavior of cross-ply carbon fiber/epoxy (CF/EP) laminates of different lay-up containing adhesive interlayers (interleaves), as well, was studied in instrumented 3-pointbending (Charpy) and falling weight impact (IFWI) tests. It was established that due to lowenergy repeated impact (impact fatigue) the maximum load (F max) decreases and the contact time with the projectile increases the appearance of which is a "flattening" of the force-time traces, at least above a critical number of impact (NOI) threshold. The absorbed proportion of the incident energy increases with NOI and thus with the damage growth. It was suggested that the change in the initial or secant slope of the load-deflection curves as a function of NOI reflects the damage growth more properly than the change in F m a x alone, as quoted previously.
INTRODUCTION
Interleaving, i.e. incorporation of adhesive interlayers (A) into composite plates, is a very effective tool of depressing the damage growth caused by out-of-plane loading and thus of improving the damage tolerance [1] . Although several works were devoted to the low energy (low velocity, subperfortion) impact of interleaved composites, only few of them are dealing with the effect of repeated impact (impact fatigue). An additional problem is that no clear distinction is made between damage growth and damage tolerance. The latter is related to the residual (after impact) performance at different loading situations (mostly in compression), whereas the damage growth is concluded either from characteristics of the impact traces or by using non-destructive test methods. It was presumed that a decrease in the maximum load (Fmax) yields adequate information about the mechanical deterioration of the impacted plate [2] [3] . We will show below that F m a x should be combined with the related change in deflection, since impact fatigue results in a "flattening" of the force-time traces.
EXPERIMENTAL
Instrumented falling weight impact (IFWI) were performed at room temperature in the subperforation range on plates cut from cross-ply carbon fiber (CF) reinforced epoxy (EP) laminates of different lay-up. Plates were produced by the autoclave technique using Celion CF G30-500/Rigidite 5212 prepregs (BASF, Ludwigshafen, D). The interleaf (A) of a thickness of 0.1 mm used was a proprietary EP-compound laminated on a non-woven PET fabric (BASF). Rectangular plates (lOOxlOO mm 2) were clamped by a circular rig (D=75 mm) and subjected to impacts by a hemispherical impactor (tip diameter=20 mm) having a total mass of 1.475 kg. Fractograms during repeated low-velocity impact were registered by a Ceast AFS-MK4 fractoscope (Torino, I). Further information to the experimental part is disclosed in ref. [4] . Figure 1 displays the flattening in the rebound curves and the increase in the absorbed energy (E a) as a function of number of impacts (NOI) on the example of IFWI test series. It should be noted here that the trends depicted in Figure 1 are generally valid not only for IFWI but also for Charpy tests. Figure 1 indicates for two aspects of paramount importance: -impact fatigue results in stiffness reduction which should be relied on damage growth, and -absorbed energy (E a) increases with increasing NOI The stiffness reduction caused by repetitive impacts is generally related to the decay in the maximum load, Fmax,i, where i denotes the i-th impact event. In case of specimens with slightly different thickness (e.g. due to incorporation of interleaves) is more adequate to plot the thickness (D) normalized load value (Fmax/D) against NOI (cf. Figure 2) . The out-ofplane impact fatigue of composites with thermoplastic and thermoset matrices was studied by lang et al. [3, 5] . The authors pointed out an exponential relationship between the normalized maximum load and NOI (see later). Figure 1 makes obvious, however, an alternative route for the assessment of the stiffness reduction. The stiffness degradation caused by impact fatigue can be more properly characterized by the change in the initial or secant slope (i.e. Fmax/xmax) of the F-x fractogram (cf. Figure Ib) . Since the initial slope is strongly affected by the contact conditions between projectile and specimen, the use of the secant slope is preferred. Advantage of this approach is reasoned by the fact that these slopes are really stiffness (modulus)-dependent. Figure 2 indicates that the interleaved composite is more resistant against repetitive lowenergy impact than the reference one without interleaving. It should be noted here that the fatigue test was finished when no change was observed in the fractograms within 20 successive impacts.
RESULTS

Learning from the Fractograms
Figure 3
Change in E a as a function of number of impacts (NOI) Recall now the increase in the energy absorbed by the specimen (E a) with repetitive impact loading (cf. Figure lb) . This can be attributed to the damage growth and thus to an alteration in the damage state of the specimens. Damage is generated by delamination and matrix cracking (shear-and transverse-type) events in laminates as demonstrated previously ( [5] with references therein). The damage density triggers obviously new energy dissipation processes via friction both in compression and tensile sides of the specimens. Friction-active sites are those, where crack closure is encouraged locally. This may occur by interaction between in-plane delamination and out-of-plane type crack bifurcation, or more generally formulated: when a mixed mode stress state (given combination of modes I, II and III) prevails on microscopic level. The fact that E a seems to reach a plateau in function of NOI along with the observation that no further damage growth takes place (cf. note in connection to Figure 2) are hints for the above mentioned crack closure concept (Figure 3) . Since E a changes during impact fatigue caution should be exercised when considering the cumulative impact energy [7] or related terms such as NOI x energy [8] Figure 3 shows a further peculiarity: E a is reduced when A layers are built in the laminates. This is very reasonable, since the out-of-plane bending characteristics should change due to interleaving. It is worth of noting that impact fatigue studies generally do not consider changes in E a, even the proportion of E a to the incident energy (Ein) remains undisclosed generally and Ein is accounted for any observed damage solely.
Impact Fatigue Response lang et al. [3, 5] recommended that the impact fatigue response can be described by the following Equation:
where Fmax,i is the maximum load in the i-th impact and NOIl.l. is a lower threshold value below which no damage growth occurs. Our findings seem to corroborate the above description in slightly modified form (Equation 2), provided that NOIl.t. < NOI < NOlu.t., where U.t. related to an upper threshold value where the damage growth under the given testing conditions deadens. NOI CONCLUSIONS The correlation between the visualized damage characteristics (shear and transverse matrix cracking and delamination between the constituting plies) and terms (initial and secant slopes of the force-deflection curves) read from the fractograms is not established yet. Further experimental investigations are necessary in order to clarify in what extent these stiffnessrelated terms are relied on matrix cracking or delaminations. Our results seem to support that stiffness of the specimens in impact fatigue decays exponentially at least in a given NOI range. Further studies should target how the incident impact energy in the subperforation range affects the impact fatigue response and which are the controlling factors of the lower and upper NOI threshold values. A deeper understanding of this topic can be expected from modeling of the impact history.
